Abstract Arginine257 (R257), in the de-helix that caps the Q B site of the D1 protein, has been shown by mutational studies to play a key role in the sensitivity of Photosystem II (PS II) to bicarbonate-reversible binding of the formate anion. In this article, the role of this residue has been further investigated through D1 mutations (R257E, R257Q, and R257K) in Chlamydomonas reinhardtii. We have investigated the activity of the Q B site by studying differences from wild type on the steady-state turnover of PS II, as assayed through chlorophyll (Chl) a fluorescence yield decay after flash excitation. The effects of p-benzoquinone (BQ, which oxidizes reduced Q B , Q B -) and 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU, which blocks electron flow from Q A -to Q B ) were measured. The equilibrium constants of the two-electron gate were obtained through thermoluminescence measurements. The thermoluminescence properties were changed in the mutants, especially when observed after pretreatment with 100 lM BQ. A theoretical analysis of the thermoluminescence data, based mainly on the recombination pathways model of Rappaport et al. (2005), led to the conclusion that the free-energy difference for the recombination of Q B -with S 2 was reduced by 20-40 mV in the three mutants (D1-R257K, D1-R257Q, and D1-R257E); this was interpreted to be due to a lowering of the redox potential of Q B / Q B -. Further, since the recombination of Q A -with S 2 was unaffected, we suggest that no significant change in redox potential of Q A /Q A -occurred in these three mutants. 
equilibrium constants of the two-electron gate were obtained through thermoluminescence measurements. The thermoluminescence properties were changed in the mutants, especially when observed after pretreatment with 100 lM BQ. A theoretical analysis of the thermoluminescence data, based mainly on the recombination pathways model of Rappaport et al. (2005) , led to the conclusion that the free-energy difference for the recombination of Q B -with S 2 was reduced by 20-40 mV in the three mutants (D1-R257K, D1-R257Q, and D1-R257E); this was interpreted to be due to a lowering of the redox potential of Q B / Q B -. Further, since the recombination of Q A -with S 2 was unaffected, we suggest that no significant change in redox potential of Q A /Q A -occurred in these three mutants. The maximum variable Chl a fluorescence yield is lowered in the mutants, in the order R257K [ R257Q [ R257E, compared to wild type. Our analysis of the binary oscillations in Chl a fluorescence following pretreatment of cells with BQ showed that turnover of the Q B site was relatively unaffected in the three mutants. The mutant D1-R257E had the lowest growth rate and steady-state activity and showed the weakest binary oscillations. We conclude that the size and the charge of the amino acid at the position D1-257 play a role in PS II function by modulating the effective redox potential of the Q B /Q B -pair. We discuss an indirect mechanism mediated through electrostatic and/or surface charge effects and the possibility of more pleiotropic effects arising from decreased stability of the D1/D2 and D1/CP47 interfaces. 
Introduction
Photosystem II (PS II) turnover involves both a donor-side reaction mediated by the oxygen evolving complex, tyrosine Y z , and chlorophylls (Chls) of the reaction center and an acceptor-side reaction involving pheophytin (Ph), a bound plastoquinone (Q A ), and an exchangeable plastoquinone (Q B ) (see reviews in Wydrzynski and Satoh 2005; Vassiliev and Bruce 2008) . An electron leaving a specific Chl a molecule in the reaction center is transferred via the Ph to Q A and subsequently to the exchangeable plastoquinone Q B at the Q B pocket. Electron transfer from Q A -to Q B produces a semiquinone anion which is stabilized at the site and acts as acceptor in a second electron transfer that reduces the semiquinone to quinol, which then diffuses out of the Q B pocket into the quinol pool. This sequence of two-one-electron transfer events and accompanying protonation reactions culminating in complete reduction of one quinone is known as the two-electron gate (BougesBocquet 1973; Velthuys and Amesz 1974; Bowes and Crofts 1981; Robinson and Crofts 1983; Velthuys 1981; Wraight 1981) . Bicarbonate (or carbonate) has been shown to have a unique effect on PS II reactions; it is involved in the functioning of the two-electron gate on the acceptor side (Govindjee et al. 1976 ; Eaton-Rye and Govindjee 1988a, b; reviews by Blubaugh and Govindjee 1988; van Rensen et al. 1999; van Rensen 2005) . Further, bicarbonate (or carbonate) has been modeled in the recent PS II structures as a ligand to the Fe of the Q A Q B complex (Ferreira et al. 2004; Loll et al. 2005) .
Since mutation of Arg257 (R257) of the D1 protein has previously been shown to modify bicarbonate-reversible formate binding, and to perturb electron transfer from Q A -to Q B (Xiong et al. 1996) , additional mutants were constructed to further investigate the role of this residue on equilibria in the two-electron gate. Structural models based on the bacterial reaction center template had indicated that R257 on the D1 protein is located close to the proposed Q B -binding niche Bowyer et al. 1990; Ruffle et al. 1992; Xiong et al. 1996) , and this has now been confirmed in recent crystallographic structures ( Fig. 1 ; see ''Discussion'' section) (Ferreira et al. 2004; Loll et al. 2005 ; review: Kern and Renger 2007) . In the present study, three substitutions of the arginine (R) residue have been constructed: lysine (K), glutamate (E), and glutamine (Q). All substituted residues have a smaller volume than arginine. Assuming aqueous pK values and physiological pH, arginine and lysine would be positively charged, and lysine would have similar electrostatic properties; the glutamate would be negatively charged; and glutamine would be neutral but polar, and with a similar volume to glutamate. In this article, we discuss the effects of mutation on the equilibria of the two-electron gate in the context of electrostatic changes mediated through coulombic and/or surface charge effects, and the possibility that the bicarbonate effect on the R257 mutants, observed earlier (Xiong et al. 1998a) , might have a common basis in these local changes in charge. We also note the possibility of more pleiotropic effects resulting from decreased stability of the Q B site on modification to the interfaces between D1 and its neighboring subunits, D2 and CP47. Xiong et al. (1996) reported that replacement of R257 in Chlamydomonas reinhardtii with glutamate, R257E, or methionine, R257 M, did not greatly modify kinetics but yielded a reduced sensitivity to the inhibition by formate treatment associated with a displacement of bicarbonate (Xiong et al. 1998a, b) . Vernotte et al. (1995) had also noticed differential effects of bicarbonate-reversible formate effects on single and double mutants of D1 in Synechocystis sp. PCC 6714. In this study, we have introduced two additional substitution mutations, R257Q and R257K, in C. reinhardtii and examined the effects of these and the R257E mutation on the kinetics and equilibria of the two-electron gate, using Chl fluorescence. (For a more complete discussion of Chl fluorescence, see Papageorgiou and Govindjee 2004.) We examined the mutational effects on photoautotrophic growth, steady-state oxygen evolution, and Chl a fluorescence decay after a single flash of light. Cells of C. reinhardtii bearing these mutations were all photosynthetically competent but exhibited differences in the electron transfer from Q A -to Q B that were also reflected in the growth rate and parameters used to describe the twoelectron gate. The steady-state electron transfer in all mutants was slowed compared to wild type. The binary oscillation of Chl fluorescence of all the strains was altered, with the most dramatic change in the R257E strain. Interestingly, the R257E strain also shows a phenotypic response to a p-benzoquinone (BQ) titration-BQ is used to oxidize the plastoquinone pool affecting the electron transfer from Q A -to Q B . Thermoluminescence, originating in the recombination of the S 2 state of the donor side (Kok et al. 1970 ; see reviews in Wydrzynski and Satoh 2005) with the reduced state of the acceptor side of PS II, is reflected by the Qband and the B-band (Rutherford et al. 1982; Sane and Rutherford 1986; Vass and Govindjee 1996) in the thermoluminescence curves. In the present work, we have used these measurements to explore the changes in energy of the charge-separated state (Inoue 1996; Vass 2003; Ducruet et al. 2007 ). On warming the sample that was preilluminated and then frozen, at a constant rate, thermal energy increases the probability of populating the excited state, and thermoluminescence occurs at a temperature reflecting the energy level of the charge-separated state (Vass and Govindjee 1996; Vass 2003) . The spectrum of thermoluminescence is the same as that of fluorescence, indicating that the excited state populated on de-trapping is the same excited singlet state, P*, populated in the forward photochemistry (Inoue 1996) . The general topological and thermodynamic framework for consideration of energy storage in PS II was established in the context of delayed fluorescence and the chemiosmotic hypothesis (Crofts et al. 1971) . The different thermodynamic properties contributing to the driving force are the electrochemical contribution from DE m of the redox participants; the chemical proton gradient, DpH; and the electrical field gradient, whose main contributor is the transmembrane potential difference, DW. In our experiments, the latter two components, representing the proton gradient, were largely dissipated by inclusion of dicyclohexano-hexaoxacyclooctadecane (18-Crown-6), which collapses the gradient (Lavergne 1984) . We show that under these conditions the main contributions come from changes in DE m and reflect changes on the acceptor side of PS II, localized in the reaction volume of the Q B site.
In this study, thermoluminescence was measured on the D1-R257 mutants and the wild type cells. A major observation was that the B-band of thermoluminescence (due to S 2 Q B -recombination), from the mutants, was shifted to lower temperatures. The theoretical analysis of shown. D1-R257 mutated in this study is shown as ball-and-stick, located at the C-terminal end of the de-helix. The location of plastoquinones bound at the Q A and Q B sites are shown in yellow. The bicarbonate anion and the Fe atom to which it is ligated are shown as ball-and-stick and a van der Waals sphere, respectively. The orientation is parallel to the membrane plane. B Detailed view of the Q B site and residues near D1-R257. Protein side chains are shown as ball-and-stick attached to a cartoon representation of the protein backbone. The D1 is red, D2 is blue, and CP47 is green. Q A (yellow), the Fe atom and its ligands (the bicarbonate ion, and four histidines) are shown to the left of the image. Q B is bound below the de-helix shown in the center of the image. To the right are D1-R257 and the nearby residues D1-Q261, D2-D25, and CP47-E489. The orientation is perpendicular to the membrane plane. Both A and B were created using VMD (Humphrey et al. 1996) from coordinates from PDB file 2AXT (Loll et al. 2005) Photosynth Res (2008) 98:449-468 451 thermoluminescence is usually based on a simple treatment of reaction kinetics developed by Randall and Wilkins (1945) . In the context of thermoluminescence, the trapping and de-trapping pathways in a system are assumed to be the same. De Vault et al. (1983) and De Vault and Govindjee (1990) modified this scheme by considering that the recombination process in PS II involves an equilibrium between the various charge-separated states. Generally, this analysis provided conclusions that were limited to the change in the depth of the trap or the change in the free energy, appropriate for the analysis of the peak temperatures of the thermoluminescence bands. A more realistic goal of the theoretical analysis is to extract energy parameters that define specific steps in a physically relevant kinetic model of charge recombination in PS II. In this article, we have applied Rappaport et al. (2005) model (also see Cuni et al. 2004 ) and extended it with the equilibrium approach of De Vault et al. (1983) and De Vault and Govindjee (1990) . The results of our extension of this theoretical analysis of thermoluminescence data allowed us to determine values of K 0 app , the equilibrium constant between Q A and Q B ; previously, values of K 0 app had been obtained from Chl a fluorescence decay and binary oscillations in fluorescence in C. reinhardtii cells (Crofts et al. 1993) , based on a recombination model proposed by Robinson and Crofts (1983) and Taoka and Crofts (1987) . Rappaport et al. (2005) had performed both fluorescence and thermoluminescence measurements on C. reinhardtii cells having mutations that changed the midpoint potential of the primary acceptor of PS II, Ph, to characterize energetic parameters in the recombination of electrons from Q A -with S 2 in 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU)-treated samples. The change of the midpoint potential of a recombination intermediate did not affect the depth of the trap but did change thermoluminescence. Rappaport et al. (2005) had taken into account the multiple pathways for charge separation and recombination, but only one pathway produced light during thermoluminescence measurements. Following this approach, we have measured and analyzed both fluorescence decay and thermoluminescence after one or two flashes. On this basis, we conclude that the redox potential of Q B /Q B -is lowered in the D1-R257E, Q, and K mutants of C. reinhardtii cells.
Materials and methods

Site-directed mutagenesis
Mutations were generated in the plasmid pBA157, previously developed to facilitate site-directed mutagenesis of the psbA gene, by mutagenic primer-directed PCR (Minagawa and Crofts 1994) . After confirmation of the mutational lesion by sequencing of the entire region subjected to PCR amplification, the mutagenized plasmids were shot into a psbA deletion mutant of C. reinhardtii. In addition to mutations constructed earlier (D1-R257E and D1-R257M, Xiong et al. 1998a) , the codon for arginine257 (CGA) was altered to lysine (AAG) and glutamine (CAA) using mutagenic primers:
To obtain D1-R257K and D1-R257Q mutants, sitedirected mutagenesis was performed by the Megaprimer method (Sarkar and Sommer 1990 ) using P3 forward and R6 reverse primers and native Pfu polymerase from Stratagene (La Jolla, CA). The resultant DNA fragments were tailored by restriction enzymes, PstI and BglII, and replaced with the counterparts in the plasmid pBA157. Transformation of a psbA deletion mutant, ac-u-e, by the mutated plasmids was performed, as described previously (Minagawa and Crofts 1994) . The mutations on the plasmid DNA and on the chloroplast genome of the transformants were confirmed for both strands by automated DNA sequencing performed by Genetic Analyzer ABI PRISM 310 (PE Biosystems, Foster City, CA). Further technical details were as described previously (Xiong et al. 1998a ).
Growth of cells
The wild type (control) and mutant strains were maintained in TAP (Tris-acetate-phosphate culture medium) agar plates with spectinomycin. Ampicillin was added to the plates to prevent bacterial contamination. These cells were then grown at 25°C under low white light (*3-7 lE m 2 s -1 ) in liquid TAP medium (20 mM Tris; 17.4 mM acetate; 7 mM NH 4 Cl, 0.4 mM MgSO 4 , 0.3 mM CaCl 2 , 1 mM phosphate buffer, 1 ml/l Hutner's trace metal solution; the pH was adjusted to 7 with dilute acetic acid; Gorman and Levine 1965) . Cells for measurements of oxygen evolution, fluorescence kinetics, and thermoluminescence were harvested when they reached the early logarithmic phase (*2 9 10 6 cells/ml). To measure growth rates under photoautotrophic conditions, cells were washed once and used to inoculate a high salt (HS) liquid minimal medium (9 mM NH 4 Cl, 0.08 mM MgCl 2 , 9 mM NH 4 Cl, 0.06 mM CaCl 2 , 13.5 mM phosphate buffer; Sueoka 1960) . Cells used for measuring photosynthetic growth rates were grown at 25°C under 100 lE m -2 s -1 illumination, and the cell suspension was bubbled with air containing 3% CO 2 (v/v).
Cell density was determined by optical density (OD) measurements at 750 nm in a cuvette with a 1-cm light path using a MPS-2000 spectrophotometer (Shimadzu Co., Kyoto, Japan). For the accurate measurement of OD 750 , the original cultures were diluted before the measurement to avoid OD values over 0.5.
Determination of chlorophyll concentration
For Chl concentration determinations, we used either the equations of Porra et al. (1989) after extraction of whole cells with 80% acetone or of Harris (1988) after extraction with 95% ethanol.
Assay of oxygen evolution
Steady-state oxygen evolution activity of the cells was measured in TAP medium with a Clark-type oxygen electrode in the presence of 0.5 mM 2,5-dimethyl-pbenzoquinone (DMBQ) and 2 mM K 3 Fe(CN) 6 at 25°C under illumination at 3,000 lE m -2 s -1
. Each strain was assayed in at least two separate cultures, with an average of three measurements for a single culture.
Chlorophyll a fluorescence yield decay: flash-induced kinetics and binary oscillations To test if the D1 mutants (R257E, Q, and K) were altered on the electron acceptor side of PS II, fluorescence kinetic measurements were performed with a laboratory-built fluorimeter (Kramer et al. 1987; Kramer and Crofts 1990; T. Miller and A. R. Crofts, personal communication, 2000) . Brief (7 ls) actinic flashes (greater than 90% saturating) were provided by a Xenon discharge flash lamp (1,500 V, 3 lF). The Xenon bulb was made by EG&G and doped with hydrogen for faster quench, to allow for more rapid succession of flashes. Two optical filters, a blue glass filter (Schott, BG7) and a heat filter (Melles Griot, KG3), were placed between the sample and the discharge flash lamp to select blue exciting light and block light corresponding to the measuring wavelengths of light.
A rapid series of low intensity red light pulses from an array of light emitting diodes (LEDs) was given to the sample to resolve kinetics of Chl fluorescence yield changes on a sub-ms time scale after each actinic flash. Each measuring pulse typically had an actinic effect of less than 1% of saturation; it was provided by eight 5-mm highperformance Al-Ga-As red LEDs (Agilent, HLMP-8103), which had a wavelength maximum at 644 nm. The actinic light was filtered with an interference filter with a peak at 635 nm and a half bandwidth of 35 nm (Omega, 635-DF70). Variable Chl a fluorescence was detected by a photodiode screened by a red cut-off filter (Corning, CS2-64; 50% transmission at 695 nm) and recorded as a function of time, t, after the actinic flash, as the normalized yield of variable fluorescence (F v = (F t -F 0 )/F 0 ) measured from the fluorescence at time t (F t ) and the fluorescence immediately before the actinic flash (F 0 ).
Chlorophyll a fluorescence yield decay was measured after each of two saturating actinic flashes 1 s apart. Each flash was followed by a series of measuring pulses at time intervals of 0. 065, 0.195, 0.325, 0.700, 1.25, 2.50, 5 .0, and 9.95 ms after the flash at zero time. Samples for measurement were cell cultures that were 6-7 days old. Samples from the culture medium were treated with 100 lM BQ for 10 min in the dark. The cells were then collected by centrifugation, resuspended in 800 ll of TAP medium, and diluted to a final Chl concentration of 7 lg/ ml, in a volume of 2.4 ml. Because of the variability of effect of BQ on fluorescence yield, the values for s (the characteristic time, or the lifetime, given by 1/rate constant) were derived directly from the data, without correction for either the maximal fluorescence yield in the presence of DCMU or the redistribution of excitation between centers due to connectedness of the antenna. As a consequence, the reported rates are somewhat faster than those previously reported (Crofts et al. 1993) .
For measuring DCMU-treated cells, samples were prepared as for the preceding experiment, and then DCMU was added to a final concentration of 10 lM. The cells were further dark adapted for 10 min and then subjected to a single actinic flash, followed by a train of measuring pulses with time intervals up to 10 s. The fluorescence yield data were recorded and exported for analysis using Origin 8 (Origin Lab, Northampton, MA). Each curve was an average of three independent measurements.
In order to measure the effect of varying BQ concentration during pretreatment, cultures were prepared in the same manner as for the preceding two-flash experiment except that samples of cells were collected after pretreatments with three different concentrations of BQ (10, 25, and 100 lM). An average of three measurements from three samples was used for each BQ concentration. A decrease in F 0 values for the samples with 100 lM BQ was observed, likely due to fluorescence quenching by the added BQ (Amesz and Fork 1967) .
Binary oscillations in Chl fluorescence decay kinetics, due to the different electron transfer rates from Q A -to Q B , or Q B
- (Velthuys and Amesz 1974; Bowes and Crofts 1980; Eaton-Rye and Govindjee 1988a, b) , were measured by applying a series of actinic flashes spaced at 1 s intervals, and recording the kinetics of fluorescence yield decay (F v = (F t -F 0 )/F 0 ) after each flash. Binary oscillations were maximal when measured at 150-250 ls after the actinic flashes; the values at 195 ls are shown here. Cells were dark adapted for 10 min and treated in dark with 10, 25, or 100 lM BQ. Cells were pelleted by centrifugation and then resuspended in fresh TAP medium. The concentration was adjusted to 7 lg of Chl a/ml.
Photosynth Res (2008) 98:449-468 453 Thermoluminescence measurements and analysis Thermoluminescence was measured with a laboratory-built instrument (Kramer et al. 1994) . Cell suspensions containing *5 lg Chl a/ml in the growth medium were first illuminated with weak continuous white light for 20 s at 20 ± 2°C and then centrifuged. The cells were resuspended in 1 ml of medium containing 10 mM NaCl, 5 mM MgCl 2 , 25 mM MES, pH 6.5, and 1 lM 18-Crown-6 (Sigma, Product No: D2637); the latter was used as an ionophore (Lavergne 1984) to eliminate variability due to contributions to the stored free energy from the proton gradient. The cell suspensions were incubated in the dark for 5 min at 20 ± 2°C. To measure thermoluminescence originating from S 2 Q A -charge recombination (Q-band, Rutherford et al. 1982; Vass and Govindjee 1996) , the cells were incubated for 5 min at room temperature with 10 lM DCMU, which displaces Q B (Velthuys 1981) , and thus blocks reduction of Q B by reduced Q A. To record thermoluminescence due to charge recombination from Q B -(B-band), the DCMU treatment was omitted. Where indicated, the samples were pretreated with different concentrations of BQ. The samples were then washed and resuspended in 1 ml of the above medium, but lacking DCMU and the 18-Crown-6, to remove BQ that could interfere with the acceptor-side reactions. The cells were then concentrated to 1 mg Chl a/ml by centrifugation. The cell suspension (10 ll) was used in the sample chamber of the instrument. After dark adaptation for another 5 min at 20°C, the sample was cooled to -10°C and a saturating Xenon flash was given. After the saturating flash, the samples were then rapidly cooled to -50°C. Thermoluminescence was recorded as the samples were heated at a rate of 0.7°C/s, from -50 up to 50-60°C.
Theoretical analysis
The equations used included parameters for three pathways for recombination of the photochemical products. The three competing recombination pathways are involved in the recombination of the electron on Q A -with P ? (this P does not distinguish between P D1
? and Acc-Chl a (D1); Rappaport et al. 2002) . Two non-radiative pathways were proposed: the first (direct) and involving recombination from Q A -to P ? to form Q A and P and the second (indirect) via the primary acceptor, Ph. Both of these pathways result in thermal de-excitation. The last pathway results in the formation of the excited singlet state P* followed by radiative decay, as shown below:
The scheme proposed by Rappaport et al. (2005) uses three different rate constants corresponding to each of the three pathways, as mentioned above. The overall rate constant for recombination is the sum of the separate rate constants, each of which can be represented in Arrhenius form:
where the subscripts r, d, and ex correspond to the indirect, direct, and excitonic recombination routes, respectively; DH values are enthalpies of activation; and s values are Randall-Wilkins pre-exponential terms given by s = j exp{DS/k B }, where k B is the Boltzmann constant; DS is the entropy of activation; and j represents an intrinsic rate constant containing terms determined by the path, and the vibrational frequency, k B T/h = 10 13 s -1 (Rappaport et al. 2005) , most simply approached through the Moser-Dutton treatment (Moser et al. 1997 (Moser et al. , 2006 . In the thermoluminescence scheme, the luminescence intensity L(T), in the presence of DCMU (i.e., when no sharing of electrons on the acceptor side occurs), can be derived from the recombination rate, dn(T)/dt, as below. The luminescence intensity is given by the fraction of decay determined via k ex :
where / is the fluorescence yield, accounting for the partitioning of excitation decay to radiative and non-radiative pathways (Lavorel 1968; Rappaport et al. 2005) . The equation for L(T), Eq. 4, when solved by substituting n(T) from the integrated form of Eq. 3 results in the following expression for the peak temperature, T m , at the maximum, where dL(T)/dT = 0:
Parameters for Eq. 5 have already been investigated for C. reinhardtii (Cuni et al. 2004; Rappaport et al. 2005) . With the Rappaport et al. (2005) model as a starting point, we now introduce the equilibria of the acceptor side. Recombination depends on the fractional occupancy of the substrate Q A -, determined by the equilibration in the twoelectron gate (Crofts et al. 1971; Rutherford et al. 1982; De Vault et al. 1983; De Vault and Govindjee 1990; Robinson and Crofts 1983) . The fraction of carriers, v(T), available for recombination, is defined by the equilibrium constant, K, and is equal to:
where
, the total number of electrons available for recombination on the acceptor side. K here is the overall equilibrium constant determining the fraction of centers in which the electron is on Q A , equivalent to K app (if partitioning into K E , pK 3 and K O is known) or K 0 app (if partitioning is not known, as in this study). In the absence of a proton gradient, the equilibrium constant K(T) between Q A -Q B and Q A Q B -is determined by the free-energy difference,
Substituting from Eq. 6, the recombination rate from Eq. 3 becomes
And the thermoluminescence intensity is then given by
The Rappaport et al. model (2005) was used to simulate thermoluminescence data to allow comparison with the measured data. We developed two treatments for the data analysis. The first was a non-linear regression, which searched for a least squares fit to a model using the Levenberg-Marquardt method. The second was a peak analysis equation which was developed from the derivative of the solved equations and solved iteratively at the corresponding peak temperature. The differential equations used in Rappaport et al. (2002) to describe thermoluminescence were set up and solved in the Mathematica (Wolfram Research Inc., Champaign, IL). The resulting solution was an interpolated function because an exact analytical solution does not exist. The equations were used to generate values for the equilibrium constant determining fractional occupancy of the acceptor side states from the glow curves. For analysis of glow curves in the absence of DCMU, Eq. 7 was rearranged, and integrated, then solved for n(T), the total number of electrons on the acceptor side, using Eq. 6 to give, on substitution into L(T) in Eq. 8:
Here, B is the rate of heating, and x is included as a variable of integration across the temperature range. For purposes of peak analysis, the thermoluminescence is unchanging over the peak, so
After differentiating Eq. 9, substituting in T m , and setting the result to 0, the following equation must hold as a solution of Eq. 10:
where DG ab (T m ) and k tot (T m ) are the values of DG ab (defined as in the discussion of Eq. 6) and k tot , respectively, at the peak temperatures, and k B is the Boltzmann constant. This equation is an expanded version of Eq. 5 that includes terms for the extra contribution from the acceptor complex to the occupancy of back-reaction substrate.
For the thermoluminescence curves in the presence of DCMU, we used Eq. 5, and values for s r , s d , DH d from Rappaport et al. (2005) , and calculated values of DH ex which satisfied the equation for the measured peak temperature T m of the Q-band. Using the additional constraint that the radiative yield was 1-3%, values for DH r of 637 mV and DH ex of 685 mV were found.
For the glow curves in the absence of DCMU, Eq. 11 was used. The temperature dependency of DG ab and k tot was included through DG ab (T) and k tot (T), assuming that the entropy contribution to DG ab was negligible. Using this equation, the values of s r , s d , DH d from Rappaport et al. (2005) , and the values DH ex (as 685 mV) and DH r (as 637 mV) calculated for the Q-band, we deduced the DG ab and K 0 app values at T m as shown later in Table 5 (see ''Results'') . These values compare well with the values obtained by Crofts et al. (1993) directly from fluorescence decay measurements. Figure 2 shows the time-course of photoautotrophic growth of the R257 mutants and a wild type control in a minimal medium under 100 lE m -2 s -1 illumination. The relative growth of the mutant strains and the pBA157 control, as measured by OD 750 , after 5 days of growth, is shown in Table 1 . In the early logarithmic phase (OD 750 \ 0.2), R257Q and R257K mutants had a doubling time of 7-8 h, which was only slightly longer than that of the wild type control, pBA157. The R257E mutant showed a significantly slower growth rate where the doubling time was 9-10 h. In the later growth phases, differences were more prominent. The cell culture of the pBA157 control reached a density corresponding to an OD 750 value of 2.2 after 5 days. The R257Q and R257K mutants reached a final density (OD 750 ) of 1.3 and 1.4, respectively. The R257E mutant only reached an OD 750 value of 0.7. Oxygen evolution Table 1 shows the measured steady-state oxygen evolution activity in the arginine mutants and the wild type control. The rate of oxygen evolution for wild type, pBA157, reported by Xiong et al. (1998a) was close to the value reported in Table 1 ; the mutants, R257K, R257Q, and R257E had, respectively, 82%, 71%, and 37% activity of the wild type control. This is comparable to the relative values in levels of culture density after 5 days of photoautotrophic growth. The lower level of culture density in the mutants, especially in R257E mutant, parallels their lower electron transfer activity (on a Chl basis) from water to the artificial electron acceptor at the Q B site, DMBQ.
Results
Growth rate
Chlorophyll a fluorescence decay after first and second actinic flashes with BQ pretreatment Pretreatment with BQ was used to re-oxidize the electron acceptor pool of PS II, the plastoquinone pool, and the occupant of the Q B site. BQ was removed by washing before the kinetic experiments were performed (see Crofts et al. 1993 ; also see ''Discussion'' section). Since pretreatment with 100 lM BQ, added to the cell suspension, showed significant effects on thermoluminescence bands (see later), we also measured Chl fluorescence yield decay under similar conditions. Figure 3 shows the Chl fluorescence decay curves for the wild type, pBA157 (panel A), for R257K (panel B), for R257Q (panel C), and for R257E (panel D) of C. reinhardtii. Squares are for fluorescence decay after first flash (black curve) and circles after a second flash (red curve), given 1 s after the first. Insets in each of the panels show the sub-ms data of the corresponding curves in that panel. These data show small, but reproducible, differences between the Chl a fluorescence decay after first and second flashes; the two-electron gate is functional, and there are quantitative differences between the different mutants. The R257Q mutant showed the largest difference in the decay after the first and the second flash. Table 2 shows the characteristic times, or lifetimes, s, for these fluorescence decay curves; these times for the fast phase after the second flash are clearly longer than after the first flash except for R257E strain.
Chlorophyll a fluorescence decays after one flash in the presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea
The fluorescence decay of the wild type control strain (pBA157) and the three mutant strains (R257K, R257Q, and R257E) when pretreated with 100 lM BQ and then with 10 lM DCMU are shown in Fig. 4 on a log time scale. Experiments, presented here, included measurements up to 10 s to include all the slow back reactions involved in the PS II reactions. The fluorescence yield levels of all the mutant strains start out at a lower value than the wild type; the R257E mutant had *35% yield, whereas R257K and R257Q had *80% yield of the wild type. Further, the F 0 value for R257E was 50% of wild type (pBA157) in the presence of DCMU (Xiong et al. 1998a) . No significant change in the kinetics of fluorescence yield decay was immediately apparent.
BQ titration of the R257E mutant
Since BQ pretreatment played a significant part in this paper, we present here fluorescence data on the effect of three different BQ concentrations on a selected mutant Fig. 3 Variable Chl a fluorescence decay curves, after flashes 1 or 2 (at 1 Hz). Samples from 6 to 7 days old C. reinhardti cultures were treated with 100 lM BQ for 10 min in the dark. Panel A is for pBA157, previously shown to act as wild type; panel B is for R257K; panel C for R257Q, and panel D for R257E. The first flash is designated by squares (black curve), the second flash by circles (red curve). Insets in each of the panels show the sub-ms data of the corresponding curves in that panel. The standard error was approximately the size of the symbols used. F t is fluorescence at time t, and F 0 is the initial minimal fluorescence.
[Chl], 7 lg/ml Table 3 shows the biphasic decay kinetic parameters for the R257E mutant cells. (The R257E mutant, which had the lowest fluorescence yield (Fig. 4) , showed larger variations among different cultures.) In the first phase of fluorescence decay, the differences after flash 1 and after flash 2 were larger at higher BQ concentrations (Fig. 5) . However, the calculated lifetime of the fast phase after flash 2 was shorter than after flash 1 (Table 3) . The Q A -oxidation rate (as inferred from Chl a fluorescence decay) appeared to be slower, as compared with the untreated sample, with even small amounts of BQ treatment (25 lM) (Fig. 5 ), but this reflects mainly the anomalous quenching by BQ. At 100 lM BQ, the Chl a fluorescence decay was virtually eliminated (Fig. 5, panel  D) ; this reduction in the Chl fluorescence yield is consistent with the loss of thermoluminescence (see ''Discussion'' section).
In order to test the hypothesis that the BQ may be changing the structure of the Q B pocket, a DCMU titration assay was performed comparing wild type to the R257E strain. There was no apparent change in the I 50 (*500 nM) between the wild type and the R257E, which suggests that the Q B pocket is not significantly perturbed by the mutation.
Chl a fluorescence oscillations as a function of number of actinic flashes Figure 6 shows clearly the existence of a functional twoelectron gate in the wild type (panel A) as well as in R257K (panel B), R257 Q (panel C), and R257E (panel D) mutants. These binary oscillations are most obvious when the samples were pretreated with 100 lM BQ (squares) and even with 50 lM BQ (circles) showing the usefulness of using BQ in our studies. Further, these binary oscillations are clearest in R257Q (panel C), followed by the wild type and R257K, with R257E having the least visible binary oscillations. These differences are related to the differences caused by the modification of the Q B pocket by the mutations, and the further effects of BQ in interaction with the site, or with the antenna apparatus.
Thermoluminescence characteristics in the presence of DCMU Thermoluminescence data for the control and the D1-Arg257 mutants illuminated with a single-turnover flash in the presence of 10 lM DCMU are shown in Fig. 7 . Mean peak temperatures of the thermoluminescence curves are summarized in Table 4 . Addition of DCMU, which blocks oxidation of Q A -by Q B , induces a major thermoluminescence peak at around 10°C, known to originate from the S 2 Q A -recombination (Q-band) (Rutherford et al. 1982 (Rutherford et al. , 1984 De Vault et al. 1983; Vass and Govindjee 1996) . All three mutants showed a Q-band in the 11-13.5°C range, which, within experimental reproducibility, is essentially the same as for the control cells. As mentioned earlier, the peak temperature of a thermoluminescence component is indicative of the driving force for reversal of the photochemical reaction arising from the stored work in a separated pair of charges, which reflects redox properties of both the recombination partners. These results suggest that the overall stability of S 2 Q A -charge pair was not affected by the mutations at D1-R257.
Thermoluminescence of untreated samples and samples pretreated with BQ
The thermoluminescence emission peak at 35-40°C (Bband) is known to result largely from the recombination of the S 2 Q B -and S 3 Q B -charge pairs (see e.g., Vass and Govindjee 1996) . Figure 8 (panel A) shows the thermoluminescence curves for the wild type and the three R257 mutant strain cells that were not treated with BQ or the inhibitor DCMU. Figure 8 (panel B) shows thermoluminescence curves for 25 lM BQ-treated cells, whereas Fig. 8 (panel C) shows results for 100 lM BQ-treated cells. Mean peak temperature values for the Fig. 4 Variable Chl a fluorescence decay curves in the presence of DCMU. Cells of three mutants (R257K, R257Q, and R257E) and the wild type (pBA157) C. reinhardtii were treated as in Fig. 3 . DCMU was added to a final concentration of 10 lM. A single actinic flash was delivered after 10 min dark adaptation with the DCMU present. A train of measuring pulses was used up to 10 s. F t is fluorescence at time t, and F 0 is the initial minimal fluorescence.
[Chl], 7 lg/ml thermoluminescence data on varying the amount of BQ are shown in Table 4 . Mean peak temperature is the average of the maximum or peak temperature for five different thermoluminescence data sets. Values for thermodynamic parameters calculated from these peaks are shown in Table 5 and discussed below.
As shown in Fig. 8 (panel A) , with no pretreatment, there are two peaks in the thermoluminescence curve for wild type (pBA157) cells. The maximum of the higher temperature peak for the wild type curve in Fig. 8 (panel  A) is about 40°C and corresponds to the mean peak temperature of *42°C listed in Table 4 . The lower flash is designated by squares (black curve), the second flash by circles (red curve). Seven-day-old C. reinhardtii cultures of the R257E strain were used, dark adapted for 10 min. F t is fluorescence at time t, and F 0 is the initial minimal fluorescence. [Chl] , 7 lg/ml These experiments were performed with whole cells from a different culture to those in Table 2 Photosynth Res (2008) 98:449-468 459 temperature thermoluminescence peak (or shoulder) for the untreated wild type cells in Fig. 8 (panel A) has a maximum at about 10°C. Pre-treating the cells with 25 lM BQ (Fig. 8, panel B) results in a curve which retains both
bands. An increase of 2°C in the mean peak temperature was observed, but we do not regard this as significant. Pretreatment of the wild type cells with 100 lM BQ leads to a loss of most of the thermoluminescence at the smaller peak in the 10-15°C range (the Q-band). However, the 35-40°C band (the B-band) was retained (Fig. 8, panel C) . The mean peak temperature of this band changes less than 1°C after the 100 lM BQ pretreatment. Further details on the mutants are as follows.
D1-R257K
For the R257K mutant, the thermoluminescence curve, when no inhibitor was present and there was no pretreatment with BQ, showed a major peak at *32°C (B band) and a shoulder (Q band) at *0°C (Fig. 8, panel A) . However, the mean peak temperature of the B band was approximately 8°C lower than in the wild type (pBA157) cells, and the Q band was a weak shoulder. The thermoluminescence peak (B band) with 25 lM BQ was not much different (Table 4) , but the weak shoulder (Q band) was much weaker. Pretreatment with 100 lM BQ resulted in a reduced overall intensity; however, the temperature of the peak did not significantly change (Fig. 8, panel C) . [Chl], 7 lg/ml Fig. 7 Thermoluminescence curves from DCMU-treated cells. Data show the Q-band (due to S 2 Q A -recombination) in C. reinhardtii cells from wild type (pBA157) and three D1-R257 mutant strains (R257K, R257Q, and R257E). Note that in all cases the Q-band is at *10°C suggesting that the mutation did not change the Q A /Q A -redox potential. Thermoluminescence curves were staggered vertically for clarity. For details, see text
D1-R257Q
The thermoluminescence data for the R257Q mutant shows two distinct peaks (Fig. 8, panel A) . However, the major peak (B band) is shifted to 30°C, 10°C lower than in the wild type cells; however, a smaller peak at lower temperature (Q band) is located in the same range as that of the wild type. The two peaks seen in the curves for the untreated and 25 lM BQ-treated (Fig. 8 , panels A and B) R257Q cells are much closer in size than the two peaks in the wild type cells. The mean peak temperature of thermoluminescence from the R257Q strain after pretreatment with 25 lM BQ was close to the mean peak temperature for untreated R257Q cells (1.6°C different). After pretreatment with 100 lM BQ, there remains only the higher temperature peak, but it shifts to a higher temperature by *6°C (Fig. 8, panel C) .
D1-R257E
For the R257E mutant, the thermoluminescence curve shows a peak at 30°C (B band). However, the small signal in the 0-20°C range (Q band; cf. Fig. 8 , panels A with B), after pretreatment with 25 lM BQ was unexpected. The mean peak locations for the R257E mutant are close to the mean peak locations for the R257Q mutant under the same experimental conditions, while the R257K mutant has a higher peak temperature. After pretreatment with 100 lM BQ, almost all the thermoluminescence signal was lost (Fig. 8, panel C) .
A comparison between the mutants
As noted above, the thermoluminescence curves, after treatment with 25 lM BQ, showed the same general results as the untreated cells except the R257E cells. When the cells were pretreated with 100 lM BQ, a markedly different behavior was observed (cf. Fig. 8 , panels A with C). While R257K mutant cells gave an approximately similar curve with and without the 100 lM BQ treatment, the R257Q mutant and the wild type control showed a significant decrease of the low temperature (*10°C) Q band and single large peaks at *37 and *43°C (B bands), respectively, as expected if the oxidation of the plastoquinone pool was more complete at this higher concentration of BQ; these high temperature peaks had up-shifted by *3 and 8°C from the untreated samples. The loss of essentially all thermoluminescence peak amplitudes for R257E after 100 lM BQ treatment is discussed more extensively below.
Analysis of thermoluminescence
Thermoluminescence curves were analyzed as outlined in the ''Materials and Methods'' section, using an extension of the Rappaport et al. (2005) treatment. Values for the apparent equilibrium constant derived from DG values, obtained by fitting the data, are summarized in Table 5 . For untreated samples, the free-energy (DG) values of all the three R257 mutants are in the range of -40 mV, whereas that of the wild type is in the range of -70 mV. Further, the apparent equilibrium constant (K 0 app ) values of the three mutants were almost one-third of that of the wild type. For further information, see Table 5 and ''Discussion'' section.
Discussion
In this study, several mutants (R to E, Q, and K) constructed at arginine257 (R257) in D1 protein of the PS II in C. reinhardtii were characterized by photoautotrophic growth curve, steady-state oxygen evolution, thermoluminescence, Chl a fluorescence decays after two turn-over flashes, and after a single turn-over flash in the presence of DCMU. Also studied was the binary oscillation pattern of variable Chl a fluorescence of the R257 mutants compared to the wild type after a series of exciting actinic flashes, at a frequency of 1 Hz, that were given to samples pretreated with different concentrations of BQ.
Position of D1-R257 relative to electron transfer to the Q B -binding pocket
The arginine at position 257 of the D1 protein of PS II is highly conserved, as is the rest of the D1 sequence forming the Q B site. Crystallographic models show that R257 is close to the Q B -binding domain with its side chain extending away from the pocket and into the stromal aqueous phase as shown in Fig. 1 (coordinates from Protein Databank file 2AXT; see reviews on structure of PS II in Wydrzynski and Satoh 2005). In the Ferreira et al. (2004) structure, the R257 side chain does not form any close interaction with neighboring groups but may interact coulombically with a highly polar span (K23-R24-D25-R26) in the D2 subunit, in which the aspartic residue (D25) is the closest side chain, at *4.0 Å . However, these side chains are in the aqueous phase, so electrostatic effects would be somewhat damped by the shielding of the charges by the surrounding water molecules. The histidine residue (H252), located in the de-helix of D1, forms a cap over the Q B -binding pocket; this predominantly positively charged patch is expected to exert a surface charge effect that would favor anionic and disfavor cationic groups. As a consequence, the local pH would be raised. If H ? -uptake were limiting, this would slow PS II turnover by lowering the probability of H ? donation to the site. The group of positively charged residues might also be expected to exert an electrostatic field that would favor electron transfer to form Q B -in the site by a coulombic effect.
In the Loll et al. (2005) model, the local structure is somewhat different (Fig. 1) . The glutamine residue (D1-Q261) is located within H-bonding distance of R257, while on the stromal side of the protein, a strand from CP47 crosses the top of the de-helix, and this strand provides an additional H-bond from the glutamate residue (E489) to R257. The negative charge from these residues would diminish the electrostatic and surface charge effects expected on the basis of the Ferreira et al. (2004) model.
Based on homology modeling with bacterial reaction centers, D1-H252 of this group of residues is a likely candidate to account for the pH dependence of the reactions of the two-electron gate (Taoka et al. 1983; Crofts et al. 1987; Petrouleas and Crofts 2005) . Xiong et al. (1996 Xiong et al. ( , 1998b suggested that a channel to conduct protons might exist in the PS II D1/D2 proteins, but the surface location of H252 argues against any necessity for an extended channel at the distal end of the Q B pocket. The structural evidence (Ferreira et al. 2004 ; also see Kern and Renger 2007) shows that D1-R257 is *9 Å from D1-H252. The latter is suggested to interact with the catalytic site through participation in H-bond exchange with the serine residue (S264), which in turn can also H-bond to the Q B carbonyl oxygen (Crofts et al. , 1993 Taoka 1989; Petrouleas and Crofts 2005) . The D1-H252 residue is likely to facilitate H ? exchange, and mutagenesis suggests that it is responsible for the pH dependence of the first electron transfer reaction (S. Padden and A. R. Crofts, unpublished). Protonation of D1-H252 on formation of Q B -would stabilize the semiquinone and increase the equilibrium constant favoring the reduction of plastoquinone by Q A -. Although the structural evidence is ambiguous with respect to a functional role of the residue at position 257, the most plausible effect of mutagenesis at this position on catalysis would be through modification of electrostatic interactions, either to perturb the pK of D1-H252 and/or to shift the E m of the Q B /Q B -couple. Any direct participation Fig. 8 Thermoluminescence curves of C. reinhardtii cells. Panel A is for the untreated cells of wild type (pBA157) and three D1-R257 mutant strains (R257K, R257Q, and R257E). Panel B is for 25 lM BQ, and panel C is for 100 lM BQ-treated cells. Thermoluminescence curves were staggered vertically for clarity. The ordinate is plotted in arbitrary units (AU) in catalysis or substrate selectivity seems highly unlikely.
An indirect role such as that suggested here would be sufficient to provide an explanation for its conserved nature. The role in bicarbonate-reversible formate binding (see a review by Govindjee and van Rensen 1993 ) is more difficult to explain, since the structures show that bicarbonate (carbonate), the reactant that formate is supposed to displace, is some 20 Å away. However, the positive surface charge in the native structure might act to attract anionic residues to the locale. Loss of a charge would reduce this effect, and reversal of the charge would reduce it even further.
Thermoluminescence
As discussed in earlier sections, the thermoluminescence signal is the sum of luminescence signals generated by different populations of centers, corresponding to different product states from which the electron-hole pairs are detrapped, and this depends on the competing pathways for recombination, and the redox driving force, as determined by the state of the acceptor side. In the current thermoluminescence experiments, the stable states of PS II available for charge recombination after a single saturating flash in DCMU-treated cells should be S 2 Q A -(75%) and S 1 Q A -(25%), while in the absence of DCMU, the product states will be
The presence of 18-Crown-6 minimized any possible effect due to the proton gradient, so changes in thermoluminescence are mainly due to changes in redox free energy and are largely determined by the state of the acceptor side and by the equilibrium constant favoring the Q B -state. The peak temperature of a thermoluminescence component is indicative of the energy stored in the charge separated pair, determined by redox state of both the recombination partners. The results show that the three mutant and the wild type cells all had a Q-band with peak temperature in the same range (Fig. 7) . This demonstrates that the overall stability of S 2 Q A -charge pair was not affected by the mutations at R257. Thus, assuming that DCMU has no differential effect in the mutant strains, and that effects of mutation were restricted to the acceptor side, we suggest that the redox potential of Q A /Q A -pair is unaffected by the mutations at D1-R257.
The small peak of the thermoluminescence curve, observed at the same position as the Q-band, is most likely due to the S 2 Q A -charge recombination and may also include a contribution from ''non-Q B centers'' (see below). Since all the mutants we examined show a normal Q-band when the electron sharing between Q A and Q B was blocked by DCMU, the large peaks at around 30°C must be due to S 2 Q B -charge recombination, each representing a modified B-band. The shift of these peaks to lower temperature in the mutants would therefore indicate that the stability of S 2 Q B -charge pair was lowered in these mutants, indicating that the equilibrium constant favoring Q B -was lowered, and hence the effective E m of the quinone Q B /semiquinone Q B -couple was lowered.
The variability in size of the Q-and B-band peaks observed in the thermoluminescence curves of untreated cells calls for further discussion, since the amplitude of the Q-band peak is larger than normally observed in thylakoids. This could be attributed to a scrambling of the twoelectron gate associated with a higher degree of reduction of the plastoquinone pool, but the BQ treatment was designed to minimize this. Any effect would have to be attributed to re-equilibration with endogenous metabolism after the washing of BQ. An additional possibility is an unusual preponderance of non-functional, the so-called ''non-Q B -reducing,'' centers (Lavergne and Leci 1993; Lavergne and Briantais 1996) . Although the ratio of Q Breducing to non-Q B -reducing centers is not known in our C. reinhardtii samples, the slowly decaying phase of the Q A -oxidation is variable between the samples used, and with different growth conditions, and such variability was also observed in the mutant cells. If we assume that the variability in amplitude of the lower (Q-band) peak was largely due to a combination of these effects, then we can simplify the interpretation of the data by concentrating on the B-band changes. We show that the three mutants (E, K, and Q) at R257 all have downshifted B-bands, which originate mainly from the S 2 Q B -charge recombination, and this is most obvious after BQ treatment. Therefore, we conclude that these mutants are specifically affected in the recombination of the S 2 Q B -charge pair. Although a shift in thermoluminescence peak temperature could possibly result from an influence on the donor-side, the fact that the Q-band is unmodified argues strongly against that possibility. In contrast, the effects on the B-band clearly indicate that the mutations affect the acceptor side, and the constancy of the Q-band suggests that they are localized to the Q B site ( Table 2 ).
The rate constants
In our previous study (Xiong et al. 1998a ), we measured flash-induced fluorescence yield decay kinetics in the D1-R257M and D1-R257E mutants and had analyzed these in terms of the model proposed by Crofts and coworkers (see review by Petrouleas and Crofts 2005) . In this analysis, the decay kinetics were deconvoluted into three components, with characteristic times, or lifetimes, in the range 150-200 ls, 2 ms, and [100 ms. The first two components reflect, respectively, the electron transfer in centers which have a bound plastoquinone at the time of the flash and centers in which electron transfer awaits binding of plastoquinone from the membrane. The long-lived decay reflects in part the fraction of Q A -Q B remaining in equilibrium with Q A Q B -, and in part non-functional (non-B) centers, with the relative contributions varying for a variety of conditions. In these two mutants, the *200 ls phase reflecting electron flow, Q A -Q B to Q A Q B -, determined by rate constant k AB , did not significantly differ from the wild type control.
The apparent equilibrium constant, K app , determining the fraction of centers with an electron on Q B , is determined by contributions from the equilibrium constant for electron transfer, K E , the pK of the group stabilizing Q B -(pK 3 determining, e.g., the protonation of D1-H252), and the binding constant for plastoquinone at the site, K O , as shown in Eq. 12 and Scheme 1. At constant pH, these three terms can be treated as a single term. K app , the measured equilibrium constant, is then given by
The shifted thermoluminescence peaks point to an explanation in terms of a lowered value for K 0 app (see Petrouleas and Crofts 2005) , but because the forward rate constants were unaffected, this would have to come from a higher rate for the reverse electron transfer between Q A Q B -and Q A -Q B . A larger relative amplitude of the slower kinetic component compared to the wild type was observed in both the R257M and R257E mutants, which could be ascribed to a lower value for the equilibrium constant for electron transfer, K E , or weaker binding of plastoquinone. As mentioned earlier, we have incorporated the Crofts et al. (1993) model of the equilibria of the two-electron gate into the Rappaport kinetic model for thermoluminescence (Rappaport et al. 2005) , using a free-energy approach (De Vault and Govindjee 1990) to represent the trapped states. Implementation of the model generated simulated thermoluminescence curves that matched the measured data, confirming the validity of this approach. In this context, the results seem to be well explained by an electrostatic effect on K 0 app (Table 5) . The values of the three equilibrium constants making up K 0 app in the wild type pertain to the native electrostatic field, and the mutations would modify the field by making it less positive. Since plastoquinone is a neutral species, no electrostatic effect would be anticipated on K O , unless through its pH dependence. Nevertheless, the increased relative amplitude of the slow phase in the fluorescence yield decay would be compatible with a weaker affinity for plastoquinone, which could reflect effects on pK 1 and pK 2 contributing to K O . The native field would favor electron transfer to form Q B -, and any lessening of the field would thus change K E to favor a distribution more in favor of Q A -. Changes in the electrostatic effects leading to pK 3 (and hence affecting the apparent equilibrium constant) would represent an interplay between the field from Q B -and that from the surface residues, which would change on mutation of D1-R257. Detailed modeling of electrostatics of the site would be required to pin down specific effects, and discrimination between effects on K E , K O , and pK 3 must await experimental evidence from detailed studies of pH dependence of the two-electron gate equilibria in the mutant and wild type strains.
Anomalous effects of benzoquinone
Treatment of C. reinhardtii with BQ has several effects. As mentioned earlier, our purpose in adding BQ was to oxidize the plastoquinone pool, and hence the occupant of the Q B site, so as to set a consistent initial starting state. Other effects Scheme 1 The equilibria in the acceptor complex determining K app of BQ addition are inhibition of metabolism, collapsing of the transmembrane electrical potential, and at high concentrations, occupancy of the Q B site by BQ redox intermediates that result in anomalous kinetics (Lavergne 1982; Taoka et al. 1983) . Although the BQ treatment by Cuni et al. (2004) increased the lifetime of the S 2 Q A -state at 20°C in a manner consistent with the effect of collapsing the membrane potential, our inclusion of 18-Crown-6 would mean that no membrane potential should develop, so this effect of BQ can be ignored. The addition of BQ in fluorescence experiments can also cause quenching of the fluorescence intensity, which would change the fluorescence yield by introduction of an additional quenching pathway. In our treatment of the cells after incubation with BQ, the cells were washed, centrifuged, and resuspended in buffer without any BQ. Although the BQ results are not fully understood, several aspects provide additional information that point to interesting differences between mutant strains.
One interesting result was the unexpected behavior of the B-band from cells treated with higher concentration of BQ (Fig. 8) . In intact systems, the ratio of Q B and Q B -is 50:50 (Rutherford et al. 1984) . The BQ treatment was expected to oxidize both the pool plastoquinones and the bound species in equilibrium with the pool and to minimize the effects of other metabolic interactions, allowing for a more homogeneous state of Q B (Lavergne and Leci 1993) . In dark-adapted spinach chloroplasts, a ratio of 70% Q B and 30% of Q B -was reported (Wollman 1978 ; also see Shinkarev and Wraight 1993) , but Robinson and Crofts (1983) showed that treatment of thylakoids with low concentration of BQ led to complete oxidation of the Q B occupant. We expected that with the BQ treatment, the Q B site would be occupied by a quinone so that a single peak would be expected at the Bband position in thermoluminescence curves. Since we used whole cells, additional complications might be expected. The effects of BQ were found to be very concentration dependent. Low concentrations had little effect, but at 100 lM or higher, the expected increase in the B-band was observed for wild type controls (where the B-band was at about 40°C), and in the R257K and R257Q mutants (where it was around 30°C). The thermoluminescence curves showed peaks predominantly at the B-band position, and the loss of amplitude at the Q-band could be explained by equilibration of the two-electron gate components with the more oxidized quinone pool. The most dramatic effect of the 100 lM BQ treatment was in the R257E mutant. The loss of any significant thermoluminescence signal could have several explanations. Since no Q-band was seen in the absence of DCMU, the loss of the B-band could not be explained simply by a modification of the Q B site so as to inhibit the electron transfer between Q A and Q B . A plausible alternative is that plastoquinone was replaced by BQ, which provided a more stable acceptor. We note that BQ at high concentrations has been shown to displace the endogenous plastoquinone from the Q B site in thylakoids and to accept an electron to generate the semiquinone state (Lavergne 1982; Taoka et al. 1983 ). However, the DCMU titer was not changed in the mutant strains, showing that no gross modification of the site affecting DCMU binding occurred. None of the mutants showed a large difference between the fluorescence yield at the first point of measurement (at 65 ls) in the presence or absence of DCMU (Figs. 3-5) , suggesting a quenching independent of occupancy. Another possibility is that the structure was sufficiently destabilized (see below) as to allow easier access of BQ to Chl from the antenna, allowing quenching and a loss of fluorescence yield, as seen directly in the fluorescence data (Figs. 3-5) . The fluorescence yield also determines the thermoluminescence yield (Eqs. 8, 9); thus, the loss of fluorescence intensity would be reflected in an equivalent loss in thermoluminescence. However, in the present experiments, care was taken to wash excess BQ from the preparation before the experiments, so a residual effect would be unlikely unless mutation had given rise to a tight binding of BQ or its semiquinone.
Pleiotropic effects resulting from changes in structural stability
An additional point needs to be stressed in the analysis of our results. In the discussion of the environment of R257 above, a location close to an interface between the D1 subunit and both the D2 and CP47 subunits was mentioned. The distances between R257 of D1 and D25 of D2 (2.8 or 4 Å , depending on the model), or E489 of CP47, would result in either a H-bond or a coulombic (electrostatic) attraction that would contribute to the stability of the protein. Any change in the electric charge on substitution of R257 (as in the mutations here) would change these interactions, with a differential effect on the stabilizing force. The fact that all mutants were functional suggests that no large-scale pleiotropic effects resulted, but we cannot exclude smaller effects that might have led to a departure from the null condition assumed in our analysis. In particular, the differential effects of BQ treatment on fluorescence yield in the mutant strains might reflect the introduction of a 'looser' structure that would allow a quenching interaction between BQ and antenna pigments. However, any more detailed analysis would require structural data that are not yet available.
Stability of Q A /Q A -and Q B /Q B -in other systems Mäenpää et al. (1995) showed that mutation in the D-E loop of the D1 protein (D1-E243K, E229D, Q241H, among others), of Synechocystis sp PCC 6803, had shifted ''Q'' and ''B'' thermoluminescence bands, and, thus, the stability of both the Q A /Q A -and Q B /Q B -couples was suggested to be Photosynth Res (2008) 98:449-468 465 affected. Mulo et al. (1997) showed that the Q B site was severely perturbed in the deletion mutants (DR225-F239, DG240-V249, and DR225-V249), also from Synechocystis sp. PCC 6803. Since no theoretical analysis was made in these studies, no quantitative data are available on the redox potential changes. On the other hand, Keranen et al. (1998) observed that there was no difference in the peaks of the ''Q'' and ''B'' thermoluminescence bands between autotrophic and heterotrophic cells of Synechocystis sp. PCC 6803. Further research is needed to obtain a clear picture of the relationship between the shifts in the ''Q'' and the ''B'' thermoluminescence bands, the binding niches of Q A /Q A -and Q B /Q B -and their redox potentials not only in Synechocystis sp. PCC 6803, but also in C. reinhardtii.
Conclusions
We conclude that, although the forward rate of electron transfer between Q A and Q B is little affected, the two-electron gate on the acceptor side PS II is thermodynamically perturbed in the R257 mutants. The perturbation in the electron transfer between the primary and secondary plastoquinone led to a decrease in the overall electron transfer rate from water to plastoquinone, which further led to the decreased saturation level in the photoautotrophic growth. The effects on equilibrium constants of the two-electron gate are likely due to changes in coulombic fields on changing the net charge in the neighborhood of the Q B site, suggesting that the electrostatic environment plays an important role in mechanism. The bicarbonate-reversible formate effect on the Q B site has been shown to be on the protonation events at this site (Eaton-Rye and Govindjee 1988a, b) . Dramatic differences of the bicarbonate effect on the D1-R257 mutants, observed earlier (Xiong et al. 1998a) , thus might have a basis on the changes in the redox potential and the stability of the Q B site, discussed in this paper.
